Abstract The unique chemistry of oxygen has been both a resource and threat for life on Earth for at least the last 2.4 billion years. Reduction of oxygen to water allows extraction of more metabolic energy from organic fuels than is possible through anaerobic glycolysis. On the other hand, partially reduced oxygen can react indiscriminately with biomolecules to cause genetic damage, disease, and even death. Organisms in all three superkingdoms of life have developed elaborate mechanisms to protect against such oxidative damage and to exploit reactive oxygen species as sensors and signals in myriad processes. The sulfur amino acids, cysteine and methionine, are the main targets of reactive oxygen species in proteins. Oxidative modifications to cysteine and methionine can have profound effects on a protein's activity, structure, stability, and subcellular localization. Non-reversible oxidative modifications (oxidative damage) may contribute to molecular, cellular, and organismal aging and serve as signals for repair, removal, or programmed cell death. Reversible oxidation events can function as transient signals of physiological status, extracellular environment, nutrient availability, metabolic state, cell cycle phase, immune function, or sensory stimuli. Because of its chemical similarity to sulfur and stronger nucleophilicity and acidity, selenium is an extremely efficient catalyst of reactions between sulfur and oxygen. Most of the biological activity of selenium is due to selenoproteins containing selenocysteine, the 21st genetically encoded protein amino acid. The most abundant selenoproteins in mammals are the glutathione peroxidases (five to six genes) that reduce hydrogen peroxide and lipid hydroperoxides at the expense of glutathione and serve to limit the strength and duration of reactive oxygen signals. Thioredoxin reductases (three genes) use nicotinamide adenine dinucleotide phosphate to reduce oxidized thioredoxin and its homologs, which regulate a plethora of redox signaling events. Methionine sulfoxide reductase B1 reduces methionine sulfoxide back to methionine using thioredoxin as a
reductant. Several selenoproteins in the endoplasmic reticulum are involved in the regulation of protein disulfide formation and unfolded protein response signaling, although their precise biological activities have not been determined. The most widely distributed selenoprotein family in Nature is represented by the highly conserved thioredoxin-like selenoprotein W and its homologs that have not yet been assigned specific biological functions. Recent evidence suggests selenoprotein W and the six other small thioredoxinlike mammalian selenoproteins may serve to transduce hydrogen peroxide signals into regulatory disulfide bonds in specific target proteins.
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According to its position in the electrochemical series, molecular oxygen (O 2 ) is a powerful oxidizing agent: O 2 +4H + +4e − →2H 2 O, E 0 =+1.23 V. However, reactions with O 2 generally proceed very slowly at typical in vivo temperatures due to the thermodynamically difficult addition of the first electron, which has a standard reduction potential of −0.32 V [1] . Once the first electron has been added to form the superoxide radical (O 2 ⋅ − ), oxygen becomes much more reactive. Aerobic cells continuously encounter reactive oxygen species (ROS), such as O 2 ⋅ − , hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (OH⋅) from a variety of sources and counteract their effects with an array of antioxidants. ROS react with proteins-principally cysteine (Cys) and methionine residues-to modify or inactivate their function, and react with DNA and chromatin to cause mutations or double-stranded breaks-known collectively as "oxidative damage". Excessive ROS exposure or inadequate antioxidant protection results in oxidative damage, cytotoxicity, or even death. However, moderate perturbations of oxidation-reduction (redox) homeostasis usually initiate a signaling response [2] . Such redox signaling is a well-recognized stress response with a variety of downstream effects, including upregulation of protective and repair enzymes [3] . Accumulating evidence suggests that redox signaling is also part of normal metabolism in non-stressed cells. There is an emerging understanding that H 2 O 2 generation is an essential step in many receptor-mediated signaling events [4] .
Mitochondria are the major source of ROS in most cells, due to side reactions during oxidative phosphorylation of adenosine diphosphate (ADP) to adenosine triphosphate (ATP). In the first step of the respiratory electron transport chain, one electron reduction of oxygen produces the O 2 ⋅ − radical. The production of O 2 ⋅ − by mitochondria has been localized to several enzymes of the electron transport chain, including Complexes I and III and glycerol-3-phosphate dehydrogenase [5] . In vitro studies indicate that 1% to 3% of the oxygen metabolized by a cell may escape the mitochondrial respiratory electron transport chain as O 2 ⋅ − although the figure in vivo is likely to be lower, probably around 0.2% [6] . Most of the released O 2 ⋅ − is disproportionated to H 2 O 2 and molecular oxygen, either by manganese-dependent superoxide dismutase (Mn-SOD) in the mitochondrial matrix or by Cu/Zn-SOD in the cytoplasm (Fig. 1) . The other main source of ROS is nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox). Originally described in phagocytic immune cells, where it produces prodigious amounts of O 2 ⋅ − to kill engulfed pathogenic cells, NADPH oxidase has subsequently been found at the inner surface of the plasma membrane in non-phagocytic cells, where it is associated with the cytoplasmic domains of cell surface receptors. Seven NADPH oxidase proteins are known: Nox1-Nox5 and dual oxidases 1 and 2. Upon binding of the receptor's specific ligand, NADPH oxidase is activated and produces O 2 ⋅ − , which can be disproportionated to H 2 O 2 by SOD. Recent studies also suggest that hydrogen peroxide may be directly generated by receptor-ligand interactions [7] . Through processes that have not been well-characterized, O 2 ⋅ − and/or H 2 O 2 cause activation of the kinase activity of the complex, which initiates a series of protein phosphorylation events specific to each receptor.
Mild in mediating the mitogenic effect of growth factor receptors [4] . Cell surface receptors producing ROS upon activation include those for epidermal growth factor, platelet-derived growth factor, insulin-like growth factor [8] , vascular endothelial growth factor [9] , toll-like receptor 4 [10] , and various cytokines [11] . ROS regulate autophagy [12] , calcium permeability in mitochondria [13] , and calcium release from the endoplasmic/sarcoplasmic reticulum, which is critical to calcium signal propagation to the mitochondria [14] .
ROS from mitochondrial respiration are released into the cytoplasm, where they can react with sensor or target molecules to initiate appropriate cellular responses. Paradoxically, NADPH oxidases produce O 2 ⋅ − on the extracellular side of the plasma membrane. Extracellular O 2 ⋅ − can diffuse back into the cell through anion channels, whereupon it is disproportionated to H 2 O 2 by cytoplasmic Zn/Cu-SOD, or can diffuse into the cell as H 2 O 2 after disproportionation by extracellular Zn/Cu-SOD (Fig. 1) [16] , but is difficult to reconcile with its role as a second messenger in intracellular signaling pathways. The NADPH oxidase enzymes and dual oxidases that produce O 2 ⋅ − and H 2 O 2 each have distinct subcellular distributions that impart a degree of spatial specificity to ROS generation [17] . In addition, these H 2 O 2 -producing enzymes, as well as endothelial nitric oxide synthase and heme oxygenase, localize with other signaling components in lipid rafts and caveolae [18] . Ligation of extracellular receptors leads to endocytosis of receptor-associated NADPH oxidase subunits localized in lipid rafts and caveolae to form redox-active endosomes containing redoxprocessing proteins capable of transmitting H 2 O 2 signals from the endosome lumen (formerly extracellular space) to the cytoplasm. Processing of such "redoxosomes" can lead to changes in phospholipids, luminal pH, voltage, and osmotic pressure that modulate signaling events in myriad ways [19] . Membrane permeability of H 2 O 2 is regulated by lipid composition, osmotic pressure, and selective transport through aquaporin channels, thus providing several mechanisms for control of H 2 O 2 diffusion back into the cytoplasm [20] . Intracellular H 2 O 2 signaling is also localized due to its rapid degradation by cytosolic glutathione peroxidase and peroxiredoxins that decrease its concentration tenfold within 4-6 µm [3] . Thus, receptor-mediated H 2 O 2 signaling can be processed selectively, localized to a confined region, and terminated rapidly.
H 2 O 2 reacts preferentially with thiols, although the reaction rate is greatly increased with activated "low pK a " Cys residues or by enzymatic catalysis. Oxidation of Cys by H 2 O 2 produces an unstable sulfenic acid, which can be further oxidized to a sulfinic or sulfonic acid and is typically not reversible. Cysteine sulfenic acid will react rapidly with another Cys residue in the same or another protein to form intra-or interprotein disulfide bridges or react with the ubiquitous thiol tripeptide glutathione (GSH) to produce a protein-GSH mixed disulfide, a process known as S-glutathionylation. Recent evidence suggests that redox-sensitive regulatory disulfide bonds are predominately formed by H 2 O 2 originating in mitochondria [21] . Cystine bridges formed by reaction with H 2 O 2 can induce new protein conformations or formation of homodimers, heterodimers, and polymeric forms.
Reversible intraprotein disulfides that regulate protein functions are known as "redox switches". One particularly well-known example is the Escherichia coli transcription factor OxyR that contains two conserved cysteines that form a disulfide in response to slight elevations in H 2 O 2 , which alters its DNA binding site and induces expression of, among other genes, glutathione reductase and glutaredoxin [22] . A similar pathway operates in yeast, where exposure to H 2 O 2 forms a sulfenic acid in Orp1, which reacts with and forms an intramolecular disulfide in the Yap1 transcription factor causing its nuclear translocation and activation of antioxidant genes that reduce the Yap1 disulfide and shut off the signaling [23] . Another well-studied example is the CDC25 phosphatases that control the eukaryotic cell cycle, which are reversibly inhibited by formation of an intramolecular disulfide upon exposure to ROS [24] .
Redox-regulated intermolecular disulfide bonds are less well studied. One example is turnover of the abundant chloroplast protein ribulose-1,5-bisphosphate carboxylase/oxygenase during leaf senescence. Oxidative stress-induced senescence results in cross-linking of ribulose-1,5-bisphosphate carboxylase/oxygenase via disulfide bridges, inhibition of enzyme activity, and rapid degradation [25] . Evidence has recently been obtained that KEAP1, the adaptor of a Cul3-ubiquitin ligase complex that marks the antioxidant response elementspecific NRF2 transcription factor for proteasomal degradation, is regulated by dimerization via an intermolecular disulfide bridge induced by H 2 O 2 [26] . Other examples include the apoptosis-inducing protein Bax, which is activated by oligomerization via disulfide bridges formed by ROS in colorectal cancer cells [27] , and H 2 O 2 -mediated inactivation of receptor protein-tyrosine phosphatases by formation of disulfide-bridged dimers [28] .
G protein-coupled receptors (GPCR), one of the largest and most diverse families of proteins in eukaryotes and the targets for many important classes of drugs, mediate responses to numerous extracellular stimuli such as hormones, odors, peptides, and neurotransmitters. ROS generated by NADPH oxidases following GPCR activation play an important role in propagating and modulating GPCR signaling [29] . Many GPCRs form homodimers and heterodimers, which enhance signaling and mediate transactivation between receptors [30] . Dimer formation in a model yeast GPCR has recently been shown to be accomplished by disulfide bridges [31] , and ligand-induced disulfide-mediated dimerization is correlated with activation of growth hormone receptor [32] and the receptor tyrosine kinases for discoidin [33] and epidermal growth factor [34] . However, a role of ROS in receptor dimer formation has not been established.
Activation of cell surface receptors or exposure of cells to sublethal concentrations of H 2 O 2 results in S-glutathionylation of specific Cys residues in cellular proteins, whose functions are thus significantly altered. Many signaling molecules and transcription factors fundamental for growth, differentiation, and apoptosis are regulated by S-glutathionylation, including protein kinase A, protein kinase C, mitogen-activated protein kinase (MAPK)/ extracellular signal-regulated kinase (ERK), T cell p59fyn kinase, protein tyrosine phosphatase-1B, and MEKK1 (MAPK/ERK kinase kinase 1; MAP3K), an upstream activator of the SAPK/JNK (stress-activated protein kinase/c-Jun N-terminal kinase) pathway [35] . Transcription factors are also regulated by S-glutathionylation in response to ROS, including p53, AP-1, c-Jun, and NF-kappa B [36] .
Protein S-glutathionylation is a pervasive post-translational modification that regulates protein function analogous to phosphorylation [35] . However, the Cys residues that become glutathionylated are frequently not the most reactive or the most sterically available residues [37] , implying enzymatic processes control S-glutathionylation of these specific Cys residues [38] . Protein-GSH disulfides are thermodynamically unstable in the presence of the 10-20-mM reduced GSH concentration in cytosol and are deglutathionylated slowly by thiol-disulfide exchange with the reduced GSH pool or rapidly and specifically by the enzyme glutaredoxin (thioltransferase) [39] , producing oxidized glutathione (GSSG). Thus, formation of protein-GSH disulfide bonds requires catalytic mechanisms that create kinetic barriers to thiol-disulfide exchange reactions. The putative enzymes controlling addition of GSH to specific Cys residues remain to be identified [40] . Selenium (Se) is a trace element required in nanomolar concentrations by organisms in all three superkingdoms of life, with higher plants and fungi being the only major taxa in which an essential biological function for Se has not been established [41] . The major functions of Se are attributable to proteins containing selenocysteine (Sec), the Secontaining homolog of Cys. Sec is synthesized from serine after aminoacylation to a unique transfer RNA, tRNA Sec . tRNA Sec is the longest known tRNA (90-100 nt), containing an extended acceptor stem and an extra loop compared to canonical tRNAs [42] . Sec is synthesized from seryl-tRNA Sec by a synthase that uses selenophosphate as the selenium donor and the cofactor pyridoxal phosphate in both eukarya/archaea and bacteria. In eukarya and archaea, the serine moiety is first phosphorylated by O-phosphoseryl-tRNA kinase, whereas bacteria form Sec directly from seryl-tRNA Sec . Sec is subsequently incorporated into growing polypeptide chains under control of the UGA codon (TGA in DNA), which usually codes for termination. Incorporation of Sec is directed by a specific stem-loop structure in the mRNA 3′ to the UGA codon known as a "selenocysteine insertion sequence" (SECIS). In bacteria, the SECIS element is located immediately after the UGA codon, whereas it is located some distance away from the UGA codon in eukarya and archaea [43] . The occurrence of this UGA-dependent co-translational pathway of selenoprotein synthesis has led to the recognition of Sec as the 21st protein amino acid specified in the universal genetic code [44] .
All of the selenoproteins for which an enzymatic activity has been identified catalyze redox reactions involving oxidation of sulfhydryl groups and/or reduction of disulfides. The Se atom is isomorphous with sulfur, having the same outer electron structure, a slightly larger atomic radius and essentially identical electronegativity. Thus, Se homologs exist for most sulfur-containing molecules. Despite these structural similarities, Se is a much stronger nucleophile than sulfur, Se compounds have much more negative reduction potentials than homologous sulfur compounds, and hydrogens bonded to Se are much more acidic than those bonded to sulfur (pK a ∼5 vs. ∼9). Because of these properties, Sec is able to catalyze oxidation of thiols in the reducing environment of the cytoplasm, where the GSH to GSSG ratio of 30-100 to 1 results in a redox potential of approximately −230 mV [45] . The major cellular thiol/disulfide systems, including GSH/GSSG, thioredoxin-1 (-SH (2)/-SS-), and cysteine/cystine, are not in redox equilibrium and respond differently to chemical toxicants and physiologic stimuli [46] . Selenoproteins have the unique ability to trap H 2 O 2 and use the resulting selenenic acid to form specific disulfide bonds in the presence of 10-20 mM GSH and are thus well suited for controlling the formation of disulfide bonds with specific Cys residues. Because of the rapid oxidation kinetics of selenols, H 2 O 2 in the cytosol reacts completely with Sec-containing proteins to produce Sec selenenic acid before it can react with other potential targets [3] . Thus, rapid consumption of H 2 O 2 by selenoproteins acts to limit the duration of H 2 O 2 signals and the distance over which those signals are transmitted by diffusion ( Table 1) .
The first selenoenzyme identified-glutathione peroxidase (Gpx)-catalyzes the oxidation of cytosolic GSH by H 2 O 2 ( Table 1) . Gpx1 was discovered in erythrocytes [47] , where it removes H 2 O 2 formed by dissociation of oxyhemoglobin into O 2 ⋅ − and methemoglobin [48] . The GPX1 gene codes for both the cytosolic and mitochondrial forms of the enzyme, which exist as a tetramer of four identical subunits, each containing a single Sec residue. Control of H 2 O 2 in the insulin signaling pathway by cytosolic Gpx1 has been demonstrated in GPX1 overexpressing mice. GPX1 OE mice develop insulin resistance [49] due to excessively rapid degradation of H 2 O 2 that normally causes glutathionylation and inhibition of protein tyrosine phosphatase (PTP) 1B responsible for terminating insulin receptor signaling. Thus, GPX1 overexpression causes sustained activation of the insulin signaling pathway, which leads to insulin resistance. Similarly, dietary Se supplementation of rats raised liver Gpx1 activity, decreased glutathionylation of PTP1B, and increased liver triglycerides and body weight, indicating impaired insulin signaling [50] . Conversely, GPX1 knockout mice have enhanced insulin sensitivity in muscle due to increased H 2 O 2 signaling that is reversed by the antioxidant N-acetylcysteine [51] .
Recent evidence suggests Gpx1 may also modulate redox-dependent cellular responses by regulating mitochondrial function. Substantial evidence indicates that ROS produced during respiration increase the activities of mitochondrial uncoupling proteins, presumably as a protective measure against accumulation of dangerous levels of ROS during respiration [52] . Superoxide activates uncoupling proteins 1, 2, and 3 [53] , whereas H 2 O 2 increases expression of uncoupling protein 5 [54] . Chang liver cells overexpressing GPX1 have decreased mitochondrial ROS production and blunted proliferative responses to growth factor stimulation that is attributed to dysregulated coupling of respiration to ADP phosphorylation [55] . Thus, mitochondrial GPX1 indirectly regulates cytosolic O 2 − ⋅ and H 2 O 2 by modulating respiratory ROS production.
At least four additional homologous GPX selenoproteins are known in humans [56] . Glutathione peroxidase 2 (GPX2) is a cytosolic GPX expressed only in epithelial cells and Compiled from [56, 89, 117] is thought to have a role detoxifying dietary lipid hydroperoxides in the gut. GPX3 is the extracellular form of the enzyme, found in blood plasma, lung alveolar fluid, and in the lumen of the thyroid gland. GPX3 has a role regulating extracellular H 2 O 2 produced by receptor-activated NADPH oxidases that may be relevant to diabetes. ROS are involved in both the etiology [57] and pathology [58] of type II diabetes. Peroxisome proliferatoractivated receptor gamma (PPARgamma) is the target of drugs that improve insulin sensitivity and acts in part by increasing antioxidant capacity. GPX3 expression is induced by activation of PPARgamma and is responsible for its extracellular antioxidant effects [59] . Thus, GPX3 not only modulates extracellular H 2 O 2 signaling, it is itself the target of receptor-mediated signaling processes. GPX6 is a close homolog of GPX3 expressed in the olfactory system whose function is not yet known [56] . GPX4 is unique among the GPX enzymes: it is active as a monomer instead of a tetramer and it is the only form of the enzyme that can reduce phospholipid hydroperoxides in membranes without the prior action of phospholipase to liberate free fatty acid hydroperoxide. GPX4 is an important regulator of ROS activation of the NF-κB transcription factor system, which regulates the transcription of genes that code for cytokines, adhesion molecules, and other components of the inflammatory response [60] . Overexpression of GPX4 inhibits interleukin-1 induced NF-κB activation in human umbilical endothelial cells [61] and UV radiation-induced activation in human dermal fibroblasts [62] . GPX4 overexpression specifically inhibits expression of several NF-κB target genes, including VCAM-1 in smooth muscle cells, MMP-1 in fibroblasts, and COX-2 in mouse fibroblasts. In addition to the ubiquitously expressed 19-kDa form of GPX4 found in cytosol and mitochondria, a 34-kDa alternatively transcribed nucleolar form of GPX4 in testes uses H 2 O 2 to form cystine bridges between protamine subunits as part of the chromatin condensation process during sperm maturation [63] . This specialized function of GPX4 is achieved by a slight modification of the ordinary GPX catalytic cycle (Fig. 2a) , where the normal reductant GSH is replaced by Cys residues in protamine monomers, thus forming cystine bridges between protamine subunits instead of GSSG. GPX4 is the only GPX gene that causes embryonic lethality when knocked out in mice [64] , suggesting that it may have an essential role in many cell types.
Thioredoxin reductase (TR) is a member of the pyridine nucleotide disulfide oxidoreductase family containing a C-terminal penultimate Sec residue that uses NADPH to maintain thioredoxin (Trx) in the reduced state. Three TRs exist in mammals: TR1 is the cytosolic enzyme and TR3 is the mitochondrial form, while TR2 contains an extra Nterminal glutaredoxin (Grx) domain and is expressed mainly in testes, where it may serve to couple the Trx and GSH redox systems [65] . Trx is a 12-kDa protein with two redox-active cysteines in a characteristic -CXXC-sequence motif with significant roles in cell-cell communication, DNA synthesis and repair, transcription regulation, protein folding and degradation, and signal transduction [64] . Trx was first described in E. coli as an essential cofactor for ribonucleotide reductase, the enzyme that synthesizes deoxyribonucleotides [66] . Trx's two active site cysteines can act as a redox switch; for example, oxidation of Trx1 liberates ASK1 and activates the MAP kinase p38-dependent apoptosis pathway [67] . Human Trx was originally identified as a cytokine in human T-cell leukemia virus transformed cells [68] , emphasizing its importance in cell-cell communications. More recently, extracellular Trx was shown to regulate the redox status and ligand binding of tumor necrosis factor receptor superfamily member 8 (CD30) on lymphocytes [69] . Trx regulates the redox status and activity of a number of transcription factors to control proliferation, hypoxic responses, and apoptosis [70] . Several isoforms and homologs of Trx are expressed in mammals and are reduced by TR and function as disulfide reductases directed at different target proteins to terminate ROS signals in specific subcellular compartments [71] . A recent example is blocking of nuclear import of class II histone deacetylases (HDAC) [72] . Class II HDACs are shuttled from the cytoplasm into the nucleus, where they negatively regulate transcription of genes involved in signal transduction, cell growth, apoptosis, cell cycle, and cancer. Oxidative modification of conserved cysteine residues in class II HDACs induces nuclear export and relieves inhibition of gene transcription. Trx1 inhibits nuclear export of class II HDACs by reducing the conserved cysteine residues, thus maintaining inhibition of gene transcription. Thus, TR controls a redox shuttle that modulates gene expression via redox regulation of HDAC nuclear translocation.
Inflammation and ROS are tightly linked. ROS are both a cause and a consequence of inflammation [73, 74] . Exogenously added ROS activate immune cells and activated immune cells produce ROS to kill invading pathogenic microbes. Activated tissue-resident macrophages produce a variety of ROS, including O 2 ⋅ − , nitric oxide, hydroxyl radical, peroxynitrite, hypochlorous acid, and H 2 O 2 , leading to signaling cascades that trigger production of inflammatory and chemotactic cytokines. Cytokines secreted by activated macrophages can cause profound changes in the cells of the surrounding tissues, including proliferation, apoptosis or differentiation into new phenotypes. Neutrophils, eosinophils, macrophages, and neighboring tissue cells produce pro-inflammatory ROS intermediates as part of the signaling cascades activated by released cytokines. Secreted chemokines attract other immune cells to the site of inflammation. Trx plays an important role in activation of the NLRP3 inflammasome responsible for activation of the cytokine interleukin 1β, deregulation of which is associated with several inflammatory diseases. Glucose-triggered inflammasome activation and IL-1β secretion are major factors in the pathogenesis of insulin resistance and type 2 diabetes [75] . ROS from receptor-linked NADPH oxidase or H 2 O 2 treatment oxidizes Trx, releasing thioredoxin-interacting protein (TXNIP) that then binds with and activates the NLRP3 inflammasome to activate interleukin 1β [76] . Thus, thioredoxin reductase, by keeping Trx in the reduced state that binds to and inactivates TXNIP, regulates inflammasome activation and IL-1β secretion. After cysteine, methionine is the amino acid most susceptible to modification by ROS. Oxidized methionine occurs in two diastereomers: methionine(R)sulfoxide and methionine (S)sulfoxide. Separate enzymes catalyze the reduction of each diastereomer back to methionine, using Trx as the reducing agent. Methionine sulfoxide reductase A (MsrA) is specific for methionine(S)sulfoxide and MsrB is specific for methionine(R)sulfoxide. Mammals have a single MsrA gene that produces the cytosolic, mitochondrial, and nuclear forms of the enzyme [77] . There are three MsrB genes in mammals, only one of whichMsrB1-is a selenoprotein [78] that is expressed in cytosol and the nucleus [79] . Thus, reduction of methionine(R)sulfoxide requires redox shuttling from NADPH through two selenoproteins, TR and MsrB1.
There is growing evidence that reversible oxidation of protein methionine residues regulates protein functions. Over 50 proteins have been reported to have altered activity due to formation of methionine sulfoxide [80] . For instance, the Ca 2+ /calmodulin-regulated phosphatase calcineurin regulates nuclear localization of nuclear factor of activated T cells (NFAT), a family of transcription factors upregulated during immune stimulus. Oxidation of a specific methionine in the nuclear localization sequence of calcineurin interferes with the proper NFAT nuclear localization and transcriptional activation in T cells [81] . Similarly, oxidation of a specific methionine in IκBα, which inhibits the activity of NF-κB, enhances its resistance to protein degradation and prevents NF-κB from activating transcription of pro-inflammatory genes [82] . Thus, reduction of methionine sulfoxide in these proteins may be an important mechanism of regulating the activities of immune cells. Another example is calcium/calmodulin (Ca 2+ /CaM)-dependent protein kinase II (CaMKII), which couples increases in Ca 2+ to activation of ion channels, gene transcription, and apoptosis. Recent evidence suggests that CaMKII connects upstream oxidant stress and Ca 2+ signals to downstream cellular responses. Oxidation of paired regulatory domain methionine residues by H 2 O 2 sustains CaMKII activity in the absence of Ca 2+ /CaM and is reversed by methionine sulfoxide reductase, thus demonstrating a dynamic mechanism for CaMKII regulation by ROS and methionine sulfoxide reductase [83] .
Selenoprotein S (SelS) is a glucose-regulated Sec-containing protein expressed in the endoplasmic reticulum (ER) membrane that participates in retrotranslocation of misfolded proteins from the ER to the cytosol, where they are ubiquitinated and degraded at the proteasome [84] . SelS expression is positively regulated by NF-κB and ER stress [85] and negatively regulates production of inflammatory cytokines [86] , implicating a role in downregulating inflammatory processes involved in the development of chronic diseases such as obesity, type 2 diabetes, and cardiovascular disease. Disulfide bonds in the ER are formed by the action of protein disulfide isomerase, using H 2 O 2 produced from O 2 and GSH by the ER flavooxidase Ero1 [87] . ER stress is caused by aggregation of improperly folded proteins in the ER due to accumulation of underglycosylated proteins, formation of unspecific disulfide bonds, or depletion of Ca 2+ in the ER. ER stress triggers the unfolded protein response (UPR), which is composed of both pro-adaptive and pro-apoptotic signaling pathways. ROS figure prominently both in causing ER stress and in UPR signaling, although the precise mechanisms require further investigation [88] . The mechanism by which SelS neutralizes ER stress and inhibits UPR signaling is not clear. However, SelS participates in the formation of multi-protein transmembrane channels composed of the membrane spanning Delrin-1, p97 ATPase, and E3 ubiquitin ligase that may be stabilized by intermolecular disulfide bridges [89] .
GPX2 is known as "gastrointestinal GPX". Although it is expressed at the highest level in intestine, GPX2 expression is not specific for the gastrointestinal tract and has been detected in epithelial cells in lung, skin, and breast [90] . GPX2 has been localized to the ER, where it suppresses cyclooxygenase 2 expression and pro-inflammatory prostaglandin E2 production, thus preventing inflammation [91] . Sep15 is a 15-kDa thioredoxin-like selenoprotein expressed in the ER lumen that is tightly associated with UDP-glucose: glycoprotein glucosyltransferase [92] , which monitors the folding state of proteins released from the ER chaperone, calnexin. Recent work suggests that Sep15 assists oxidative folding of N-glycosylated proteins and is involved in UPR signaling in response to adaptive and acute ER stresses [93] . Thus, selenoproteins are involved in regulating multiple stressrelated redox events in the oxidizing environment of the ER lumen.
Selenoprotein N (SelN) is another ER-resident Sec-containing protein and is the only selenoprotein directly associated with a human genetic disease. Mutations in the SelN gene cause SEPN1-related myopathy, an early onset muscle disorder affecting primarily the axial skeletal muscles and diaphragm. SelN metabolizes exogenously added H 2 O 2 [94] ; however, its selenocysteine is located in the ER lumen [95] , suggesting that it may respond to H 2 O 2 produced in the ER. SelN deficient muscle cells have increased cytosolic Ca 2+ and decreased Ca 2+ in the sarcoplasmic reticulum [94] , suggesting a defect in Ca 2+ release controlled by the ryanodine receptor. The ryanodine receptor Ca 2+ release channel is regulated by redox modifications of cysteines, with oxidizing conditions favoring channel opening and Ca 2+ release [96] , suggesting SelN controls Ca 2+ release by mediating oxidation of cysteines in the ryanodine receptor using sarcoplasmic reticulum H 2 O 2 [97] . Thus, SelN may be viewed as a redox regulator of calcium in muscle [89] . Human selenoprotein T (SelT) is a 22-kDa Sec-containing protein expressed in ER and Golgi membranes and is implicated in redox regulation of Ca 2+ homeostasis in response to a cAMP-stimulating neuropeptide, pituitary adenylate cyclase-activating polypeptide [98] . Thus, selenoproteins are involved in multiple processes at the intersection of cAMP and Ca 2+ pathways and appear to mediate crosstalk between these important signaling systems. The tumor suppressor protein p53 is a key molecular node in cellular signaling pathways, regulating the expression of specific sets of genes in response to different stresses [99] . The p53 protein is expressed constitutively, but levels are normally kept low by its rapid ubiquitination by the HDM2 protein, an E3 ubiquitin ligase, and subsequent proteasomal degradation. Phosphorylation of p53 in response to stress disrupts its binding with HDM2, blocks ubiquitination and proteolysis, and results in a rapid increase in p53 protein levels, allowing p53 to enter the nucleus, bind to DNA, and induce expression of genes controlling cell cycle, apoptosis, DNA repair, and cellular senescence [100] . In addition, p53 regulation of glucose metabolism and control of intracellular ROS levels are emerging as key functions of p53 [101] . p53 possesses five cysteines on the surface of the protein, at least one of which is readily susceptible to oxidation that inhibits tetramerization and DNA binding [102] . Oxidative stress or exogenous H 2 O 2 cause S-glutathionylation of cysteines residues in the dimer-dimer interface and proximal DNAbinding domain of p53 leading to decreased DNA binding and loss of tetramer formation [103] . Inhibition of p53 tetramerization exposes a nuclear export signal that causes p53 to be retrotransported to the cytoplasm [104] , where it is subject to rapid ubiquitination and proteasomal degradation.
Selenoprotein H (SELH) is a recently discovered 14-kDa thioredoxin-like nucleolar protein that reacts specifically with H 2 O 2 [105] . Overexpression of SELH in neuronal cells prevents the increase of p53 tumor suppressor protein and caspase-mediated apoptosis normally induced by UVB radiation [106] . Thus, SELH is implicated in oxidative modifications of p53, such as S-glutathionylation and cysteine bridges, that inhibit DNA binding and lead to increased turnover and decreased steady-state protein levels. Selenoprotein W (SEPW1) is a 9-kDa thioredoxin-like protein where Sec is located two amino acids from a cysteine residue. Work in our laboratory has shown that SEPW1 expression is cell cycle regulated and that knockdown of SEPW1 inhibits cell cycle progression [107] . We have recently discovered that SEPW1 knockdown induces cell cycle arrest by stabilizing p53, implying a similar mode of action to that of SELH (manuscript in preparation). In addition to SELH and SEPW1, there are five small thioredoxin-like selenoproteins in humans (SELM, SELN, SELT, SELV, and Sep15) with active site Sec residues located one or two amino acids from a cysteine residue, thus allowing formation of intramolecular selenenyl-sulfide intermediates during redox catalysis. It is interesting to speculate that these small thioredoxin-like selenoproteins may have a general role as transducers of H 2 O 2 signals. Because Sec is fully ionized at physiological pH, it will react with H 2 O 2 until Sec is fully oxidized to the selenenic acid before H 2 O 2 will react with cysteine [3] . Due to its proximity, the active site cysteine will react rapidly with the resulting selenenic acid to form an intramolecular selenenyl-sulfide bond that is resistant to reduction by cytosolic GSH. The relative stability of the selenenyl-sulfide bond allows a selenoprotein with a thioredoxin-like active site to act as a redox shuttle and carry the H 2 O 2 signal from its site of formation to form a disulfide bond in a downstream target. This proposed mechanism of redox shuttling by thioredoxin-like selenoproteins is shown schematically in Fig. 2b .
The unique role of selenoproteins in regulating redox status of sulfur amino acids begs the question how this relationship came into being. It has been reasoned by several independent groups that the highly oxidizable Sec would have been more stable in the low oxygen environment that existed in the primordial atmosphere than it is today [108] [109] [110] . This line of reasoning assumes that the rise in atmospheric oxygen some 2.4 billion years ago and known as the Great Oxidation Event [111] created a selective pressure for replacement of Sec by cysteine [112] . This is consistent with the occurrence of Sec incorporation via the UGA codon in all three superkingdoms of life, implying selenoproteins existed in the last universal common ancestor as much as 3.5 billion years ago, long before the Great Oxidation Event [113] . Another line of evidence is based on phylogenomic analysis of nucleotide sequences and secondary structures in transfer RNAs, which concluded that the amino acid charging function for Sec is ancient and existed in archaea before diversification into the three superkingdoms of life [114] . This analysis of tRNA is complementary to a similar phylogenomic analysis of protein architectures that concluded the last universal common ancestor was molecularly complex and architecturally rich and gave rise to archaea, bacteria, and eukarya by reductive adaptation [115] . Thus, there is an emerging consensus that Sec-containing proteins existed in the last universal common ancestor and have been selectively lost and/or replaced by cysteine proteins during the diversification of life. Evolutionary biology implicates ROS as a profound constraint on evolution of fitness-related traits [116] , inviting speculation that the unique ability of selenoproteins to regulate ROS is the indispensable feature responsible for their retention throughout the reductive evolution and diversification of life.
